Recent evidence suggests that sulfhydryl species can react with oxides of nitrogen under physiologic conditions and thereby stabilize endothelium-derived relaxing factor (EDRF) activity, but the presence of a specific in vivo thiol carrier for nitric oxide (NO) remains controversial. 
The vascular endothelium is important in a number ofhomeostatic functions including the regulation ofblood flow, maintenance of vascular tone, and the balance between thrombosis and blood fluidity. In 1980, Furchgott and Zawadzki (1) described a potent vasodilator produced by the endothelium later termed endothelium-derived relaxing factor (EDRF) .' This endothelial product activates guanylyl cyclase in vascular smooth muscle cells and platelets, leading both to vasorelaxation and platelet inhibition (2, 3) . The chemical nature of EDRF has been examined in detail with the preponderance of evidence now suggesting that EDRF is chemically related to the nitric oxide radical (NO) (4) .
Nitric oxide is a highly reactive molecule that readily combines with a number of biochemical species, including heme iron, nonheme iron (5), oxygen (6) , and superoxide anion (7) , forming a variety of derivative oxides of nitrogen (6) . These oxides of nitrogen are themselves reactive and form adducts with readily available intra-and extracellular species, including thiols (8) (9) (10) , (primary) amines ( 11 ) , and unsaturated fatty acyl groups ( 12) . The reactive nature of NO limits the reproducibility with which free NO can activate guanylyl cyclase and may, in part, explain the inconsistent observations equating EDRF and NO (13) (14) (15) (16) (17) (18) .
Biologic thiols react readily with oxides ofnitrogen forming S-nitrosothiols (8) (9) (10) that possess chemical halflives substantially longer than that of NO, e.g., S-nitroso-L-cysteine has a half-life under physiologic conditions (37°C, pH 7.4) of 15-30 s ( 19) , while that of NO is only 0.1-1 s ( 16 ) . S-nitrosothiols have been shown to prolong the physiologic half-life of NO ( 17) , inhibit platelets through a cGMP-dependent mechanism (10) , and possess EDRF-like vasorelaxant properties (20) .
Despite these well-characterized interactions between biologic thiols and derivative oxides of nitrogen, the presence of a specific thiol carrier for nitric oxide in vivo remains controversial. Moreover, the potential contributions of protein-bound thiol in the action and metabolism of nitric oxide have been largely overlooked. Protein thiol represents the most abundant form of thiol in plasma and is particularly prevalent in the cellular cytosol (21 ) . In this regard, we have recently demonstrated that oxides ofnitrogen can react with protein sulfhydryl groups under physiologic conditions producing stable, biologically active S-nitroso-proteins that possess potent vasorelaxant and platelet inhibitory properties in vitro (22) . We report here the in vivo properties ofS-nitroso-BSA, a model S-nitroso pro- Synthesis of S-nitroso-species. S-nitroso-BSA was synthesized as previously described (22) . Briefly, BSA was exposed to NO generated from equimolar NaNO2 in 0.5 N HCl for a period of 30 min at room temperature and neutralized with an equal volume of TBS and 0.5 N NaOH. The formation ofS-nitroso-BSA was confirmed by both chemical and spectrophotometric methods. The content of S-nitrosothiol was determined by the method ofSaville (23) , in which NO elaborated from S-nitrosothiol species with Hg2+ is assayed by diazotization with sulfanilamide and coupling with the chromophore N-( I -naphthyl-)ethylenediamine. Comparison ofthe sample absorbance at 550 nm with a known standard allows quantification of displaceable NO, which is directly derived from S-nitrosothiol. The presence ofan S-nitrosothiol bond was confirmed with ['5N]nuclear magnetic resonance spectroscopy by a distinctive chemical shift of the observed peak (751 ppm relative to nitrite [24] ). Typical S-nitrosothiol absorption maxima at 320-360 and 550 nm provided additional confirmatory evidence for the presence of an S-nitrosothiol bond. Synthesis of S-nitroso-BSA by this method produced a stoichiometry of S-NO/BSA of 0.85±0.04 (SEM).
S-nitroso-cysteine was synthesized by exposure ofequimolar L-cysteine and NaNO2 in 0.5 N HCl. The presence ofan S-nitrosothiol was confirmed by the method of Saville (23) . Synthesis of S-nitroso-cysteine by this method results in a product that is 99.9% pure (25) and stable in an acidic environment (0.5 N HCI). Immediately before in vivo administration, each dose of S-nitroso-cysteine was neutralized with 10 vol of Tris-buffered saline, pH 7.0.
Determination ofplasma S-nitrosothiol content. Plasma (4 ml) was centrifuged (with 10% [vol/vol] CPD) at 800 g for 10 min and stored at -70°C. The determination of plasma protein and low molecular weight S-nitrosothiol content was performed as previously described (26). Briefly, plasma (100 sIA) is injected into a specially designed chemiluminescence detector (Thermedics Inc., Woburn, MA), carried into a glass coil with a purge stream of helium, and is irradiated with ultraviolet light (300-400 nm). NO, cleaved homolytically by photolysis, is separated rapidly from the solvent through a series of cold traps and is carried by the helium into the reaction chamber ofthe chemiluminescence detector. The passage ofintact plasma through the chemiluminescence detector without ultraviolet light affords the measurement of free NO while total NO content (free NO + S-nitrosothiol) is determined by chemiluminescence after ultraviolet photolysis. Chemiluminescent analysis of the supernatant from plasma protein precipitates provides quantification of low molecular weight S-nitrosothiol. The plasma protein S-nitrosothiol content is then deduced from the difference between total plasma NO content and the plasma content of low molecular weight S-nitrosothiol and free NO.
Animal preparation. 16 mongrel dogs of either sex weighing 20-26 kg were anesthetized with thiamylal sodium, 25-30 mg/kg i.v., intubated with a cuffed endotracheal tube, and ventilated with 50% oxygen (22 breaths/min, 10-12 ml/kg stroke volume) and 1% isoflurane via a respirator (Drager AV; North American Drager, Telford, PA). Body temperature was monitored using a rectal probe and maintained with a homeothermic blanket (Harvard Apparatus, Edinbridge, KY). Oxygen tension (Po2), carbon dioxide tension (Pco2), and pH were monitored using a blood gas analyzer (model ABC 30; Radiometer America Co., Cleveland, OH) and adjusted by manipulation of stroke volume and respiratory rate to achieve a Po2 of 150 Torr, a Pco2 of40 Torr, and a pH of7. 40 . The left and right femoral arteries were cannulated percutaneously with 9 French and 6 French sidearm sheaths, respectively (Cordis Corp., Miami, FL), and 6 French sheaths were placed in the right and left femoral veins. A 20 min. Acetylcholine, sodium nitroprusside, S-nitroso-cysteine, and S-nitroso-BSA were serially infused into the circumflex coronary artery at 0.8 ml/min for 3 min. Control infusions included vehicle (5% dextrose in water for acetylcholine and nitroprusside), BSA, L-cysteine, and acidified and neutralized NaNO2. At the end of each 3-min infusion, arterial pressure, coronary blood velocity, and heart rate were recorded, and coronary angiography performed by the intracoronary injection of 7 ml meglumine diatrizoate and sodium diatrizoate (Hypaque-76; Winthrop Pharmaceuticals Inc., New York). Coronary angiograms were recorded on 35-mm cine-angiographic film (Eastman Kodak Co., Rochester, NY) using a cine-angiographic system (Philips Medical Systems Inc., Raynham, MA).
Quantitative coronary angiography. Analysis ofarterial dimensions was determined using an automated, previously validated quantitative angiography system (27) (28) (29) (30) (31) . Technically suitable coronary angiograms with proximal, midvessel, and distal segments ofthe left circumflex coronary artery free of side branches were selected for quantitative analysis. For each drug infusion, two sites (2 7 mm in length) were subjected to analysis, the first located at the tip ofthe Doppler catheter and the second at a suitable distal site. The segment of interest was centered and the single-frame cine image digitized (20-40 microns/ pixel) with the use ofa video camera (Cohu Inc., San Diego, CA) and a video interface (Recognition Concepts Inc., Incline Village, NV) connected to a computer (Micro VAX II; Digital Equipment Corp., Maynard, MA). Two-line profile averaging was used to minimize anatomical noise, and 16 video frames were summed to minimize video noise. Four cine frames at end-diastole were scanned and averaged using two anatomic features to ensure accurate alignment. Calibrated grids, filmed at isocenter, were used to scale data from pixels to millimeters, and fixed coordinates were used to reproduce regions of interest and assess serial responses. Coronary vasodilation is defined as the increase in vessel diameter (as a percent ofthe control value) in response to the infusion of a vasoactive agent. The analysis of coronary dimensions using this method reliably detects a 4% change in the arterial diameter ofa 3-mm vessel (27) .
Nitric Oxide Adducts with Serum Albumin 1583
Analysis of changes in coronary blood flow. Coronary blood flow was estimated by the product of mean coronary blood velocity and coronary artery cross-sectional area at the Doppler catheter tip. Changes in coronary blood flow in response to drug infusions were determined from changes in mean coronary blood velocity corrected for alterations in cross-sectional area at the Doppler catheter tip. The limitations of the Doppler catheter preclude direct determination of coronary blood flow (18, 32) .
Hemodynamic measurements. After completion of intracoronary infusions, the intracoronary catheters were removed and a bilateral vagotomy was performed through a midline neck incision. Reflex responses were blocked with 0. French balloon-tipped catheter (Arrow International Inc., Reading, PA) was placed in the pulmonary capillary wedge position. Transducers were calibrated each morning and zero balance documented before each vasoactive drug administration. Nitroglycerin and S-nitroso-BSA were administered both as an intravenous bolus and a 5-min infusion. S-nitroso-cysteine was administered only as an intravenous bolus owing to its short half-life in aqueous solution and in plasma. Arterial pressure, heart rate, left ventricular pressure, left ventricular dP/dt, pulmonary artery pressure, and pulmonary capillary wedge pressure were recorded on a Gould physiograph, and a new control state established before any subsequent drug administration. The order of drug administration was chosen at random in order to control for confounding cumulative drug effects. Plasma samples for protein and low molecular weight S-nitrosothiol content were obtained before and after the administration of S-nitroso-cysteine. Bleeding time and exvivo platelet aggregation. In a subset of five animals, the bleeding time response to S-nitroso-BSA was examined. S-nitroso-BSA (1, 10, 50 , and 150 nmol/kg) was given as an intravenous 5-min infusion followed in 15 min by a template bleeding time and determination of ex vivo platelet aggregation. Template bleeding times were performed on the ventral aspect of the tongue so as to minimize temperature fluctuation. Platelet aggregations were performed in platelet-rich plasma prepared by centrifuging whole blood (with 10% (vol/vol) CPD) at 150 g for 10 min at 250C. Platelet-poor plasma was prepared by centrifuging whole blood (with 10% [ vol /vol] CPD) at 800 g for 10 min. Platelet counts were measured with a Coulter Counter (model ZM; Coulter Electronics, Hialeah, FL) and were adjusted to 150,000 platelets/ul by the addition of platelet-poor plasma. Platelet aggregations were performed with 400 ,ul platelet-rich plasma at 37°C in an aggregometer (PAP-4 Biodata, Hatboro, PA), to which was added 10 gM ADP or 0.24 mg/ml fetal calf skin collagen.
Statistical analysis. All data are presented as the mean±SEM unless otherwise indicated. The duration ofaction of an agent is defined as the time period during which the coronary blood flow exceeds 10% of the baseline value or, in the case of mean arterial pressure, the time period in which mean arterial pressure remained 2 10% below the baseline value. Dose-response curves for coronary blood flow, coronary vasodilation, and hemodynamic responses are compared on the basis of the concentration required to produce a half-maximal response (EC50). The EC50 values presented were determined using the Em, and Emin values obtained at the maximum and minimum doses tested. Statistical comparison of dose-response curves for coronary vasodilation, coronary blood flow, and hemodynamic responses were performed by multivariate analysis of variance using a repeated measures design. Time-dependent responses of vasoactive agents, as well as bleeding that was less pronounced (P < 0.05) than that of sodium nitroprusside, acetylcholine, and S-nitroso-cysteine. S-nitroso-BSA produced dose-dependent epicardial coronary vasodilation (B) equivalent to acetylcholine and sodium nitroprusside but was less effective thanSnitroso-cysteine (P < 0.05). Intracoronary infusion of S-nitroso-BSA was not associated with a significant change in mean arterial pressure (C) while acetylcholine, sodium nitroprusside, and S-nitroso-cysteine all produced a significant drop in mean arterial pressure (P < 0.05).
*P > 0.05 vs. control 'P < 0.05 vs. S-nitroso-BSA.
times, were compared with analysis of variance followed by a NeumanKeuls comparison. Statistical significance was accepted if the null hypothesis was rejected with a P < 0.05.
Results
The coronary vascular response to S-nitroso-BSA. Changes in coronary blood flow, coronary artery diameter, and mean arterial pressure in response to intracoronary S-nitroso-BSA, acetylcholine, S-nitroso-cysteine, and nitroprusside are shown in Fig. 1 . S-nitroso-BSA produced a dose-dependent increase in coronary blood flow of 165%±24% at the maximal dose (P < 0.05), while acetylcholine, nitroprusside, and S-nitroso-cysteine exhibited increases of483%±55% (P <0.05), 315%±82%
(P < 0.05), and 475%±66% (P <0.05), respectively( Fig. 1 A) .
The increases in coronary blood flow caused by S-nitroso-BSA and sodium nitroprusside were similar, while the responses produced by acetylcholine and S-nitroso-cysteine differed significantly from both S-nitroso-BSA (P < 0.05) and sodium nitroprusside (P < 0.05). No response was observed with the intracoronary infusion of BSA, NaNO2, or L-cysteine. All four agents demonstrated dose-dependent coronary vasodilation in response to intracoronary administration (Fig. 1  B) . S-nitroso-BSA, acetylcholine, and sodium nitroprusside all produced significant maximal coronary vasodilation of 27%±3% (P < 0.05), 20%±2% (P < 0.05), and 30%±6% (P < 0.05), respectively, with no significant differences among the dose response curves of each agent. S-nitroso-cysteine produced significant coronary vasodilation of 40%±7.8% (P < 0.05), which was significantly greater than any of the other agents (P < 0.05). BSA, L-cysteine, and NaNO2 had no effect on coronary vasodilation. A comparison of Fig. 1, A prusside while at the same time producing a smaller increase in estimated coronary blood flow. The changes in mean arterial pressure in response to the intracoronary infusion of S-nitroso-BSA, sodium nitroprusside, S-nitroso-cysteine, and acetylcholine are shown in Fig. 1 C. Sodium nitroprusside produced the most significant reduction in mean arterial pressure (37±6 mmHg; P < 0.05), while acetylcholine, S-nitroso-cysteine, and S-nitroso-BSA produced less significant reductions (11±4 mmHg, P < 0.05; 25±6 mmHg, P < 0.05; and 6±2 mmHg, P = NS, respectively).
Increases in coronary blood flow in response to S-nitroso-BSA were significantly more prolonged than those observed for any of the other agents (P < 0.05). Intracoronary S-nitroso-BSA increased coronary blood flow for a period of 587±93 s, compared to 59±6, 246±16, and 19±2 s for acetylcholine, Snitroso-cysteine, and sodium nitroprusside, respectively. These values were recorded after the intracoronary infusion of each agent at the maximal dose.
S-nitroso-BSA and systemic hemodynamic parameters. The response of mean arterial pressure, mean pulmonary artery pressure, left ventricular end-diastolic pressure, and mean pulmonary capillary wedge pressure in response to the intravenous bolus administration ofS-nitroso-BSA, nitroglycerin, and S-nitroso-cysteine are shown in Fig. 2 . S-nitroso-BSA, nitroglycerin, and S-nitroso-cysteine all produced profound dosedependent decreases in mean arterial pressure of 40±5 mmHg (P < 0.05), 37±2 mmHg (P < 0.05), and 53±4 mmHg (P < 0.05), respectively, at the maximal doses delivered (Fig. 2 A). On a molar basis, the response to S-nitroso-BSA was seven and a half-fold less potent than that of nitroglycerin and 10-fold less potent than that of S-nitroso-cysteine (EC50 = 75 vs. 10 and 7.5 nmol/kg, respectively [P < 0.05]).
Intravenous bolus S-nitroso-BSA produced similar effects in the pulmonary circulation demonstrating dose-dependent reductions in mean pulmonary artery pressure (Fig. 2 B) . SNitroso-BSA was approximately ninefold less potent, on a molar basis, in reducing mean pulmonary artery pressure than nitroglycerin or S-nitroso-cysteine (EC50 = 70 vs. 8 and 9 nmol/kg, respectively, P < 0.05).
The effects of intravenous bolus S-nitroso-BSA on left ventricular end-diastolic pressure and pulmonary capillary wedge pressure were similar (Fig. 2, C and D) . S-nitroso-BSA produced significant dose-dependent reductions in both left ventricular end diastolic pressure (P < 0.05) and mean pulmonary capillary wedge pressure (P < 0.05) with an ECo of -70 nmol/kg, which was sevenfold less potent than either nitroglycerin or S-nitroso-cysteine on a molar basis (P < 0.05).
The changes in mean arterial pressure seen with S-nitroso-BSA were more prolonged than those noted with nitroglycerin. Intravenous bolus S-nitroso-BSA (300 nmol/kg) reduced mean arterial pressure for a period of 15±3 min, while equipotent doses of nitroglycerin ( 150 nmol/kg) and S-nitroso-cysteine ( 100 nmol/kg) reduced mean arterial pressure for only 3±1 min and 8±3 min, respectively (both P < 0.05 vs. S-nitroso-BSA). This prolonged duration of action of S-nitroso-BSA was observed throughout the dose range tested and was not explained by the degree ofarterial pressure reduction. Representative tracings of mean arterial pressure in response to S-nitroso-BSA, S-nitroso-cysteine, and nitroglycerin are shown in Fig. 3 .
The half-life of S-nitroso-cysteine in an aqueous oxygencontaining environment is reported to be -15 s ( 19) . In this regard, the (relative) duration of action of S-nitroso-cysteine reported here (8±3 min) appears inconsistent with these observations. We evaluated the potential role of NO transfer among plasma thiol species as a possible explanation for these discrepant observations. Before the administration of any S-nitrosocysteine, the plasma concentrations ofprotein and low molecular weight S-nitrosothiols were 0.71 and 0.022 uM, respectively. After the administration of S-nitroso-cysteine (0.52 MM), these values increased twofold to 1.22 and 0.039 uM suggesting the in vivo equilibration of NO among protein and low molecular weight thiol species. We were also able to demonstrate in vitro the transfer of NO from S-nitroso-albumin to L-cysteine (Fig. 4) , supporting the proposed mechanism for our in vivo observations. Both S-nitroso-BSA and nitroglycerin had significant effects on the indices of myocardial contractility and relaxation (Fig. 5) . S-nitroso-BSA, S-nitroso-cysteine, and nitroglycerin produced dose-dependent decreases in maximal dP/dt of a MAP (mmHg) (22) after TIME (MIN) protein precipitation. S-nitroso-BSA (v) concentration was determined by the difference between S-nitroso-cysteine concentration and total S-nitrosothiol concentration using the Saville reaction.
581±101 mmHg/sec (P < 0.05), 890±124 mmHg/sec (P < 0.05) and 464±63 mmHg/sec (P < 0.05), respectively, at the maximal doses (Fig. 5 A) . Nitroglycerin, S-nitroso-cysteine, and S-nitroso-BSA also produced marked dose-dependent reductions in peak -dP/dt of 1,008±156 mmHg/sec (P < 0.05), 1,740±159 mmHg/sec (P < 0.05), and 859±134 mmHg/sec (P < 0.05), respectively, again at the maximal doses tested (Fig. 5 B) . On a molar basis, S-nitroso-BSA proved -10-fold less potent than nitroglycerin in reducing both dP/dt and -dP/dt (EC50 = 100 vs. 10 nmol/kg [P < 0.05] and 90 vs. 9 nmol/kg [P < 0.05], respectively). Furthermore, S-nitroso-BSA was 10-fold less potent than S-nitroso-cysteine in reducing dP/dt, and 100-fold less potent than S-nitroso-cysteine in reducing -dP/dt (EC50 = 100 vs. 10 nmol/kg [P < 0.05] and 90 vs. 0.9 nmol/kg [P < 0.05], respectively).
The effects of S-nitroso-BSA and nitroglycerin given as 5-minute infusions on mean arterial pressure, mean pulmonary artery pressure, left ventricular end-diastolic pressure, and mean pulmonary capillary wedge pressure are shown in Fig. 6 . S-nitroso-BSA and nitroglycerin again demonstrated profound dose-dependent effects on mean arterial pressure producing reductions of 40±5 mmHg (P < 0.05) and 37±2 mmHg (P < 0.05), respectively at the maximally tolerated doses (Fig. 6 Controls included BSA (u), NaNO2 (-), and L-cysteine (A). *P < 0.05 vs. control, 'P < 0.05 vs. S-nitroso-BSA. A). In contrast to the responses seen with bolus administration, the dose-response curves for both agents administered by intravenous infusion were not significantly different with both agents exhibiting an EC50 of -10 nmol/kg per min. In a similar fashion, S-nitroso-BSA and nitroglycerin both demonstrated significant dose-dependent reductions in mean pulmonary artery pressure, left ventricular end-diastolic pressure, and mean pulmonary capillary wedge pressure with no significant differences in the dose-response curves between agents (Fig.  6, B-D) . Nitroglycerin and S-nitroso-BSA given as 5-min infusions demonstrated effects on left ventricular contractility and relaxation similar to those observed when the agents were given by bolus administration (Fig. 7) . Nitroglycerin produced a dosedependent decrease in peak dP/dt of 623±132 mmHg/s (P < 0.05) at the maximally tolerated dose, while S-nitroso-BSA produced a decrease of 767±135 mmHg/sec (P < 0.05; Fig. 7  A) . Nitroglycerin and S-nitroso-BSA produced more pronounced effects on peak -dP/dt with dose-dependent decreases of998± 146 mmHg/sec (P < 0.05) and 1,119±162 mmHg/sec (P < 0.05), respectively, at the maximally tolerated doses (Fig.  7 B) . Again, in contrast to the effects with bolus administration, the dose-response curves of nitroglycerin and S-nitroso-BSA given as 5-min infusions with respect to dP/dt and -dP/dt did not differ significantly.
S-nitroso-BSA andplateletfunction. S-nitroso-BSA demonstrated profound dose-dependent platelet inhibition as measured by both in vivo and in vitro techniques. The effect of S-nitroso-BSA on template bleeding time is shown in Fig. 8 . The administration of S-nitroso-BSA as a 5-min infusion produced a dose-dependent, fivefold increase in the template bleeding time from 1.9±0.13 to 10.93±0.6 min (P < 0.01). This increase in bleeding time was associated with a dose-de- pendent inhibition of ex vivo ADP-induced platelet aggregation (Fig. 8) . Similar results were obtained with collagen-induced platelet aggregation (data not shown). BSA (300 nmol/ kg per min) as well as NaNO2 (300 nmol/ kg per min) did not demonstrate any effect on bleeding time (Fig. 8 A) .
Discussion
We have recently reported the observation that oxides of nitrogen can combine with protein-bound thiol groups to form stable S-nitrosothiols (22) . Furthermore, we have shown that this reaction occurs under physiologic conditions producing stable S-nitroso-proteins that are biologically active, exhibiting vasodilatory and antiplatelet properties in vitro through a cyclic-GMP dependent mechanism (22) . The data presented here extend these observations to an in vivo model and demonstrate that BSA can combine with NO (probably as NO', the nitrosonium ion) to form S-nitroso-BSA that posseses EDRFlike properties including (a) significant epicardial coronary artery vasodilation; (b) a less prominent but significant increase in coronary blood flow; (c) systemic venous and arterial vasodilation; and (d) in vivo dose-dependent platelet inhibition. Furthermore, the long chemical half-life of S-nitroso-BSA is reflected in its relative duration of action compared with more typical nitrovasodilators, such as sodium nitroprusside, nitroglycerin, and S-nitroso-cysteine.
Our data demonstrate that S-nitroso-BSA induces epicardial coronary vasodilation comparable to that ofsodium nitroprusside, acetylcholine, and S-nitroso-cysteine, but is less effective as a vasodilator of coronary resistance vessels than these agents. Nitroglycerin acts predominantly upon large diameter coronary vessels with little effect on resistance vessels, while nitroprusside exerts its effect preferentially on smaller diameter coronary vessels (33) . In this regard, S-nitroso-BSA appears to have an effect that is somewhat similar to that of nitroglycerin in the coronary circulation. The mechanism(s) underlying this phenomenon is unclear but may be related to the method by which BSA-bound nitric oxide is delivered from plasma to intracellular effector sites. If, for example, the denitrification of S-nitroso-BSA requires the presence of a specific cell surface molecular "acceptor," then the differential effects ofS-nitroso-BSA on small and large coronary vessels could be explained by the preferential distribution of these cell surface species on the conductance vessel endothelium. Evidence for the interaction of NO with membrane surface groups in the context of a biologic response has been demonstrated (34) . Other possibilities for consideration might include the differential distribution of intracellular "transport" species required for the delivery of BSA-bound nitric oxide to guanylyl cyclase, or simply the differential kinetics of relaxation between small and large coronary arteries.
The data presented here also show that S-nitroso-BSA, when given as an intravenous bolus, is -7-to 10-fold less potent on a molar basis than both S-nitroso-cysteine and nitroglycerin. However, when administered as a 5-min infusion, S-nitroso-BSA and nitroglycerin appear to be equipotent. One possible explanation for this observation may be the difference in relaxation kinetics between nitroglycerin and S-nitroso-BSA. In organ chamber experiments using isolated rabbit aortic rings precontracted with I gM norepinephrine, nitroglycerin exhibits rapid, transient, dose-dependent relaxations while S-nitroso-BSA produces relaxations that are slower in onset and more prolonged (22) . It is conceivable that when given as a bolus, the rate of NO release from S-nitroso-BSA may be relatively slow compared to the rates of both NO inactivation and S-nitroso-BSA metabolism, thereby limiting the degree of guanylate cyclase activation by NO. When given as a 5-min infusion, however, the constant supply of slowly released S-nitroso-BSA may afford a greater degree of sustained guanylyl cyclase activation, and, therefore, provide a more potent effect.
Nitric oxide is an highly reactive species formed in a cellular environment replete with coreactants and enzymes capable of stabilizing its activity or promoting its degradation ( 17, 19, 20) . In this regard, the chemical form in which NO is transported to target sites in vivo remains unclear. Biologic thiols react readily with oxides of nitrogen forming S-nitrosothiols, which preserve the bioactivity of NO and prolong its half-life (9, 19, 35, 36) . The biologic importance of these findings is (20) , and inhibit platelet aggregation via a cyclic GMP-dependent mechanism (37). Furthermore, we have shown that low molecular weight thiols prolong the half life of EDRF and, thereby, potentiate the antiplatelet and vasorelaxant properties of EDRF through a cyclic GMP-dependent mechanism ( 33, 37, 38 ) . Our recent demonstration of S-nitrosothiol formation from endogenously derived NO with proteins as a thiol source provides important evidence for the role of S-nitrosothiols in the action and metabolism of EDRF (22) . Moreover, the results reported here provide further evidence that protein thiol can serve to form an NO adduct, preserving both its bioactivity and increasing its half-life in vivo. It should be noted, however, that the prolonged (minutes) bioactivity ofprotein bound NO in vivo conflicts with currently held notions ofNO reactivity, biologic activity, and regulatory function. This discrepancy, however, may be mitigated by our demonstration of nitric oxide transfer among available thiol species.
The data presented here support the hypothesis that protein-bound thiol can participate in the action of EDRF, although the mechanism by which NO is delivered from serum albumin in the plasma milieu to intracellular target sites remains unclear. Serum albumin, although abundant in plasma, does not readily traverse endothelial cell membranes. Furthermore, the relatively long half life of S-nitroso-BSA ( 12 h at 370C, pH 7.4, aqueous solution, 95% 02 [22] ) argues against the spontaneous release of NO as the mechanism of smooth muscle relaxation, suggesting that facilitated release or transfer ofNO occurs. In this regard, the findings ofKowaluk and Fung (36) are of particular interest. These investigators observed that the vascular relaxant potencies ofS-nitrosothiols were not correlated with either the spontaneous release of nitric oxide or their relative lipophilicity. It seems likely, therefore, that the vasorelaxant properties of S-nitrosothiols are modulated through some other mechanism, such as the transfer ofNO to a "carrier" molecule capable of traversing the cell membrane or, alternatively, direct interaction with reactive membranebound species such as sulfhydryl groups, iron-sulfur containing proteins, or surface protein-bound thiols (34) .
There is ample evidence to support the possible involvement of NO exchange reactions in the action and metabolism ofS-nitroso species. Oae and colleagues (39) demonstrated the exchange of nitric oxide among reactive sulfhydryl species under physiologic conditions, while Chong and Fung (40) described the catalysis of N-acetylcysteine-mediated denitrification of nitroglycerin by serum albumin. Furthermore, Keen and co-workers (41 ) demonstrated the enzymatic denitrification of nitroglycerin by glutathione-S-transferase, and Bennett and colleagues provided evidence for the catalysis of nitroglycerin denitrification by hemoproteins (42) . Finally, our data demonstrating the equilibration of NO among the available thiol species in plasma and in vitro also support the involvement ofNO/thiol exchange reactions in the action ofS-nitroso species.
In summary, the results presented here demonstrate that the free sulfhydryl group ofserum albumin, located at cysteine 34, is capable of combining with nitric oxide to form a uniquely stable S-nitrosothiol that possesses both vasorelaxant and platelet inhibitory properties in vivo reminiscent ofauthentic EDRF. These results support the hypothesis that proteinbound sulfhydryl species can participate in the action and metabolism of EDRF by prolonging its half-life and preserving its biologic activity.
